The traditional steps in the fabrication of Malay Keris blades which are preserved in traditional knowledge are explained in consistency with the modern metallurgical engineering. These are forging, quenching, tempering and etching. The material selection process for specic parts of the blade is discussed and correlated to the particular fabrication method used to produce the nal properties, which consist of the ductility, hardness and the watermark pattern on the blade. Morphologies of the microstructure are also in agreement with the observed properties in which the central strip of the blades possesses some ductility to facilitate forging whereas the harder edge area is made of steel with higher carbon content
Introduction
Keris, originally used as a ghting weapon has now become one of typical traditional crafts with artistic characteristics. This double-edged dagger with wavy or straight blade is unique because it is only found within the Malay Archipelago. However, in Malaysia, Keris making is considered as a dying art [1] .
To date, many monographies and literature sources have been published [26] but most of them only focused on the historical background, design, pattern and the blade making simply ignoring the technology behind it, which is actually the real essence that is consistent with today's science. The history of several types of iron used in Keris [7] is still in infancy and normally described through the eyes of ancient blacksmiths. In ancient times, blacksmiths were considered among the elite occupations and assumed to be a principal contributors in creating early concepts [8] of understanding the behavior of metals, particularly iron.
It is also clear that they had enough information from their forging work, the observation of color changes during spark test and heating as well as their estimation of hardness by scratch tests, in order to determine some key parts of the present-day iron-carbon phase diagram [8] .
Keris can be divided into two parts: mata/bilah (blade) and hulu (hilt) (refer to Fig. 1 ). Its distinctive wavy edges known as luk, are always odd in number, from three to thirteen waves. One of the most attractive characteristics of the blade is the watermark pattern called pamor as shown in Fig. 2 , which represents the characteristic deformation pattern on the blade [6, 7] . In recent reviews [7, 9] ancient Keris blade consists of alternating metals that bonded at the interfaces. These materi-* corresponding author; e-mail: mariyam@eng.ukm.my als represent a unique laminated or composite structure that is far dierent from the monolith materials with diffusion interfaces or layered materials. As such, it is also known as the laminated metal composites (LMCs) that can signicantly improve many properties of metal including fracture toughness, fatigue behavior, impact behavior, wear, corrosion and damping capacity, or provide enhanced formability or ductility, particularly for brittle materials [10] . In many cases, the laminate architecture and the processing history of LMCs are essential and can be engineered to produce a material with predicted prop- and ductility. In general, the iron bar was hot forged and folded into two equal pieces (U shape) before inserting a pamor sheet. The most striking feature of the Keris is the damascene pamor or most precisely`alloy' that designates both the nickel steel used for Keris making and the type of damascene steel in the blade. The word pamor comes from the Javanese word which means mixture; describing the manufacturing procedure of the Keris [11, 12] . This proves that a Keris is not made from a homogenous piece of metal. The iron/pamor combination was remelted, hot forged and folded again into 2 pieces, resulting in 4 layers of iron and 2 of pamors. The process was repeated and may reached up to 128 layers of pamor. In making the wavy luk eect, a lateral hot forging was utilised with help of a cylindrical tool. Most
Kerises have fewer than 13 luks and there will always be an odd number [12] . Some smiths may reheat the blade to red hot color and tempered in a container with coconut oil, for extra toughening. Finally, the blade is treated (etched) with a mix of lime juice to bring out the pamor contrast, whereby the nickel alloy content will suer less chemical attack than that of iron and the steel cutting edge [12] . Normally, the base iron may turn black in the solution while the nickel remains unaected; emerging as silvery lines against a black background.
In the old days, most of forging works were carried out in a dark setting [10] in order to identify the changes of temperature with ease. First, the blacksmith noted that the wrought iron became weaker (easier to forge) as the temperature increased. That is the reason why traditionally, hot forging is most recommended for the deformation of metal that features a high formability ratio. Figure 3 illustrates the temperatures of forged blade by appearance, which can be assessed by their colour.
The blacksmith noted that the properties of wrought iron changed when the iron combined with carbon. New temperatures were observed for every glitter eect, indicating that the colour description was a strong function of the amount of charcoal (carbon) [10] . It is understood that most iron and steel become softer and forgeable when heated to red and higher temperature. Normally, a good rule of thumb for most steel and iron is to work when it is heated to yellow colour. 
Raw materials
Composition of as-received raw iron that normally used for the central and edge strips was analysed and recorded, as shown in Table I .
Clearly, the edge strip comprised of higher carbon content than those of the central parts, supporting the statements of the bushy spark pattern observed by the local smiths whilst examining the samples. Other elements like Si, Ni and Mn also played important roles, particularly in giving higher strength, hardness and ductility to the blade, respectively [10] . Thus, this proves that embedded deep into the material of the blade are dierent types of steel and iron, each contributing to the blade's eective- for the purpose of stabbing rather than the low carbon of core parts that normally used to absorb impact without breaking [13] . The ancient blacksmiths could physically see iron, but they had no idea how essential the carbon was. Indeed they understood that charcoal (in which is the origin of carbon) was greatly needed for the process, but carbon was not discovered as an element until just a few hundred years later [14] .
3. Results and discussion
Hardness prole
The forged Keris blade was also tested for its hardness using a Rockwell Hardness tester (150 kgf ). Figure 5 shows an illustration of the blade. The indentation was carried out on both sides; the forged surface as well as the backside that was in contact with the anvil. Table II displays the complete hardness prole of the Keris blade.
The forged surface area was found to be in the range of 516 HRC, in a descending order from base to tip, and the other side of the blade, which was in contact with the anvil, showed similar manner, ranging from 716 HRC.
These inconsistencies are attributed to the variance in the forging action and the used temperature during the heat treatment. The heterogeneity of the microstructures can be best viewed in Figure 6 and 7. Clearly, the cross sectional observations are in line with the hardness data whereby smaller grain size were predominantly contributing to greater hardness. rities, called slag.
The material was actually getting harder as hammered. As already mentioned, the steel was pounded at and then folded time and time again to thoroughly mix the iron and carbon. Normally, the bearer needs a Keris that is both hard and durable. In reality, hard metals, with more carbon, which normally held an edge, were brittle and break easily. Tough metals however, will bend, but could not hold an edge. Dur-ing forging, the tougher low-carbon steel was heated to a glowing red and inserted into the core (of the edge).
This relatively simple procedure is the culmination of a great deal of work and key to the ultimate success of the Keris.
In addition, most smiths claimed that selected irons that used for edge areas melted easily and faster than that of the central areas; which certainly due to the high content of carbon, lowering the melting point and its temperature resistance. This statement can be supported with the aid of JMatPro (Java-based Materials Properties Software) modeling analysis as shown in Fig. 8a and 8b. Carbon content was believed to inuence the yield strength of steel because carbon atoms t into the interstitial crystal lattice sites of the arrangement of the iron atoms. The interstitial carbon reduces the mobility of dislocations, which in turn has a hardening eect on the iron. To get dislocations to move, a high enough stress level must be applied in order for the dislocations to break away. This is because the interstitial carbon atoms caused some of the iron lattice cells to distort. 
